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Some years ago the eminent French chemist Vieille first propounded the law of 
combustion by parallel surfaces for smokeless propellants. By a propellant we 
distinguish an explosive which explodes from one that detonates ; and it is this 
combustion by parallel surfaces which is the distinguishing characteristic of the 
difference of the two phenomena. 

Since Vieille first propounded his theory it has been generally accepted as correct. 
Investigators, however, have not, so far as I am aware, definitely determined what 
the law is. The general assumption has been that the law is of the form S = aP^, 
where S is the skin burnt in a given time under the average pressure P, a and n 
being constants for the given explosive. 

Now, the investigators who have dealt with this subject have all done so with the 
primary object of finding out what goes on inside a gun when the charge is fired. 
That has also been my primary object. In fact, it is the practical as distinguished 
from the purely scientific result of the law which has appealed to all investigators. 

Now, the gun is a most complex gas-engine, and in the past has upset the most 
carefully conceived and elaborated theories. Previous investigators have therefore 
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gone straight to the gun and endeavoured to solve the constants a and n in the 
general form of the above equation by a system of trial and error. ^ Some have 
concluded that n is unity, others that n is | (Ingalls, America), | (Gossot and 
LiouviLLE, France), 0*9 (Center vall, Sweden), &c. These are wide variations, and, 
as I shall show, are due in part to the form of the explosive that different investigators 
have experimented with and in part to the following causes. 

The principle of calculation in the gim is that the space behind the projectile is 
treated as a closed vessel. Now, as the projectile moves down the bore the size of 
the vessel increases. The size of the vessel therefore directly depends on the distance 
the projectile will move in a given time under a given pressure. Here at once is the 
difficulty, and it entirely depends upon what friction or resistance to forward movement 
is assumed as to what values of a and n may be determined. This friction is made 
up of (1) the resistance to engraving of the driving band, (2) the resolved part of the 
rotational thrust due to the lands of the rifling, and (3) perhaps forcement of the 
projectile through the gun, which is possibly conical in form at any point where the 
projectile may be during its passage down the bore. 

Now it is obvious that, however elaborate the theory, many large assumptions have 
to be made in determining the combined effect of (1), (2), and (3), and on these 
assumptions the whole resulting edifice must stand or fall. 

In my investigations 1 tried to avoid the pit -fall of the practical application to the 
gun until I was entirely satisfied that I had determined the law of burning by parallel 
surfaces in a closed vessel of constant capacity. This paper, then, is a description of 
the methods I have used and the results I have arrived at in my investigations. A 
considerable amount of laborious arithmetical calculation has been involved, and I 
desire here to express my indebtedness to Captains A. E. Izat and C. H. Newcombe, 
Royal Artillery, who have rendered me valuable assistance in preparing the diagrams 
and in working out some of the calculations. 

Description of the Apparatus used. 

Fig. 1 shows a section of the type of closed vessel used. The pressure is registered 
by the compression of the copper A by the piston B. This piston carries a pen C 
which traces its movement on blackened paper carried on a revolving drum D (shown 
in fig. 2). E is a valve for releasing the gases from the vessel after firing. F shows 
the arrangements for electrically firing the charge. The internal capacity of the 
vessel I used was 28 '18 cubic inches, and its internal length and diameter were nearly 
equal. The type of vessel shown in fig. 1 is unsatisfactory, because its great length 
as compared with its diameter is liable to set up wave actions. 

^ GOSSOT and LiouvnxE (tome XIII., ' Memorial des Poudres et Salpetres ') have recently compared 
closed-vessel time rises with those calculated when using their factors. The results are not very satisfactory, 
I think. 
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Fig. 1. Closed-vessel apparatus. 

Fig. 2 shows the end view of the apparatus and the arrangement for recording the 
pressure and ttae. 




Fig. 2. End view of apparatus. 

The drum D is driven by a motor and cai'ries blackened paper on its periphery. 
G is an electrically sustained tuning-fork of the ordinary Sebert type. The one used 
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in these experiments made 500 vibrations a second. The electro-magnet H and cam 
K are for the purpose of momentarily allowing the stylus on the end of the tuning- 
fork to trace a record on the drum and so give its speed — the spring N pulling the 
arm (which carries the cam) away from the electro-magnet. 

The use of the apparatus is as follows : — The charge having been placed in the 
vessel, the copper is placed in position and M is screwed home. The stylus on C is 
then adjusted on the drum, as is also the stylus on G in the position of release. 
The circuit of the electro-magnet H is carried by an adjustable joint to C in such a 
manner that the circuit is broken by the first movement of C as the copper 
compresses. The circuit being complete, the electro-magnet holds the arm O and 
lifts the stylus off the drum. When the circuit is broken the arm is revolved by 
the spring N, and the cam K thus lowers the stylus G on to the drum and then lifts 
it off again. We thus obtain a record of the speed of the drum at the actual 
moment of firing. All being ready, the drum D is set in motion by the motor, 
whose speed can be regulated by a rheostat. The tuning-fork is started in the usual 
way, and the charge is then fired. 

An example of an actual record is subjoined. These records are measured under a 
micrometer with a telescopic eye-piece carrying cross wires, the telescope being 
carried on a compound lathe rest. It measures centimetres to four places of decimals 
in both directions of movement. 





Characteristics of the Explosive. 

1. Relation of Pressure and Density,— The first step in the investigation of the 
burning of an explosive is to find the relation between the maximum pressure and 
the density at which the explosive is fired. The explosive I have experimented with 
is the latest British one, known as modified cordite. The Service abbreviation for 
this is M.D. cordite, and it will be so called throughout this paper, the original type 
of cordite being referred to as Mark I. In a closed vessel the maximum pressure is 
independent of the temperature of the cordite, but temperature has an influence on 
the time taken by the cordite to develop that pressure. The higher the temp^nmture 
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the quicker the time rise of pressure. In the gun, therefore, the temperature of the 
cordite has an influence on baUistics, since at a higher temperature, the pressure 
being raised more quickly, the projectile has less time in which to move for y^^ard ; 
consequently there is a smaller space behind the projectile at times of equal 
developments of gas, and higher pressures are therefore realised. Temperature, 
therefore, is of no importance in determining the pressure-density relation, but is all- 
important in the investigation of time rises. I am not clear that other investigators 
have T3orne this in mind — their publications take no note of the fact. 

The pressure-density relation of M.D. cordite is shown graphically on fig. 3, and is 
tabulated in Table A. 
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Fig. 3. Pressures and densities, M.D. cordite. 



The equation connecting the two variables is 



P = 360A^-54A'-|-69'8A, 

where P is the pressure in tons on the square inch, and A is the gravimetric density 
of loading. Since artillerists work with the lb. as the unit of weight and the cubic 
inch as the unit of volume, and since 1 lb. of water occupies 2773 cubic inches at 
60° F., density is given by the formula 27*73 x weight of charge in lbs. -f- capacity in 
cub'o inches, and is then known as the gravimetric density, 
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The cubical form of this equation is of interest when one compares it with 

Van deb Waals' general equation 



which may be written 



\J. ^i 



(v^b) = ET^ 



2j{l-bA) = a&A^-aA^+RTA. 



It would appear, then, that in any general deduction of a pressure-density relation 
from Van dee Waals' equation omission of the term a/v^ is not justified. Petavbl 
neglected this term in his investigation of Mark I cordite.^ 



Ton 5/1 nf 
20 
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Time- Second v5 
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Fig. 4. Time rise of pressure, cord and tube M.D. 



Cordite in manufacture is made in lots, and the above pressure-density relation is 
true of the i>:eneral run of the cordite. In the earlier stao:es of the manufacture of 
some experimental forms of M.D. cordite the pressure-density relation was different. 
This may have been due to slightly different chemical constitution, to the presence of 
an excess quantity of volatile matter, or to minor variations in manufacture. The 
point is unimportant, because with experience in manufacture this variation dis- 
appears; but I mention it, as in one of the experiments I shall refer to later such an 

* ' Phil Trans., A, vol. 205, pp. 357-398. 
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exceptional lot was used, and it will have to be referred to a special pressure-density 
curve. 

2. Investigation of the Time Rise of Pressure [Cord Form). — M.D. cordite has 
been made in various forms, some of which are only experimental. As with Mark I 
cordite, the first form was cords ; since that time tubes, strips, and double tubular 
forms have been made and experimented with. 

The first time rises I investigated were, then, of M.D. cordite in the cord form. A 
time rise of such, a cord, measurino; 0*1265 inch in diameter, fired at 80*^ F. at a 
density of 0*2448, is shown on fig. 4. The close agreement of this beautiful curve 
with the points actually measured by the apparatus used in the experiment is an 
indication of the accuracy of the arrangements. Having obtained this time rise, the 
next step was the investigation of the law of combustion by parallel surfaces. 

The method employed was the following :— Intervals of 0*001 second were worked 
to. From the curve the pressure at 0*001-0*002, &c. second was obtained. This 
pressure corresponds to a certain density of gas obtained from Table A. Now this 
gas is produced by a small reduction dr in the radius r of the cord, in other words, a 
skin or lamina is burnt off and converted into gas. The available capacity of the 
vessel for this quantity of gas is the total capacity less the volume occupied by the 
unburnt cordite. One has therefore only to solve for dr under these known 
conditions. This reduction dr then takes place in O'OOl second under an average 
pressure which is obtained from the time rise. The average pressures I have taken 
are those at half time in the interval. For instance, the average pressure during the 
first 0*001 second is the actual pressure shown on the curve at 0*0005 second. In 
actual practice, instead of working on the reduction of radius I have worked on the 
reduction of diameter. 

Fig. 5 shows the results of this calculation for fig. 4 plotted in terms of reduction 
in diameter and pressure. This figure also shows the lines I have selected to 
represent the relation at temperatures of 60° F. and 80° F. 

It appears quite clear that the relation is expressed by a straight line, and that 
therefore the power n is unity. The equation to the lines is of the form S = o^P + C, 
a varying with the temperature of the cordite. 

It is the existence of this constant C which has not been suspected before, and 
which, I think, shows the danger of assuming an equation of a theoretically perfect 
form and then trying to deduce constants by trial and error. 

The meaning of the constant C can only be that below about 0*1 ton pressure the 
law of reduction in diameter does not hold. Obviously, when P = 0, S cannot 
equal 0. 

The cause of this change of law is, I suggest, that until some definite pressure is 
attained in the vessel true explosion does not commence. I advance the following 
explanation : — When the charge is first ignited, only the cordite in immediate contact 
with the igniter commences to burn. Cordite being a bad conductor of heat, this 
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burning does not run along the cordite rapidly. This can easily be seen by burning 
cordite in the air, when it burns slowly along its length in the manner of slow-match 
and the flash is not rapidly transmitted as with gunpowder. Consequently, in the 
vessel the lighted ends of the cords burn non-explosively until such time as the 
vessel is completely filled with flame at a high temperature. At that moment there 



Tons/in 
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Reduction in diameber - Inches, 
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Fig. 5. M.D. cordite — reduction in diameter in • 001 second when burning under a given average pressure. 

is a definite pressure in the vessel which tends to separate the cords one from another. 
The cords now are lighted over their whole length and the true time of combustion 
by parallel surfaces commences. The constant C is thus due to the amount of gas 
produced by combustion of the ends of the sticks, when regarded as if produced by 
combustion over the whole length of the stick. The error introduced into the length 
of the sticks by this assumption is insignificant and can be neglected. 

If this explanation is correct, one would expect the amount of cordite burnt previous 
to complete ignition of the charge to be independent of the temperature. That this 
is so was experimentally determined before the theoretical explanation of the constant 
suggested itself to me. Undoubtedly the time to complete ignition is different with 
change of temperature of the cordite, but this does not afiect the ultimate time rise. 
Its sole effect is a small variation in the hang-fire of the charge. Theoretically the 
constant C must vary with the density of loading* It has been determined at a 
density of 0*25, and the small variation at lower densities does not affect the general 
accuracy of the calculation. 
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3. Reconciliation of the Laiv of Reduction.- — Now the equation for reduction in 
diameter in 0*001 second at 80° F. has been determined as 

Eedn. = 0'0013361 xP + 0-00028, 

where P is the pressure in tons on the square inch. 
At 60° F. the equation is 

Redn. = 0*001223 xP + 0'00028. 

Both these results are tabulated in Tables B and C. In order to justify the 
selection of the lines shown on fig. 5 as representing the above relations, I have 
calculated the time rise of pressure of the charge of Cord M.D. shown in fig. 4, using 
Tables A and B. The calculated points are shown on fig. 4, and below I tabulate the 
results for comparison : — 







Pressure in tons/inch^. 


Time, second. 








As measured from the 
record. 


As calculated. 
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0- 
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1' 
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1- 
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1' 
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■Oil 
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•1 


12 


07 
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•95 





•013 


17 


•5 


17 


57 





•014 


18 


•95 


18 


•99 





•014345 




19-1 


0-0144 


19-15 




— 



The variations in pressure are within the limits of experimental error, and the 
diiference in total time of combustion is only 0*000055 of a second. 

4. Investigation of the Time Rise of Pressure [Tube Form). — Fig. 6 shows the 
time rise of pressure of a certain sample of Tube M.D. Cordite (Batch 88). This 
class of cordite is known as M.D.T., and one of the governing factors of its rate of 
burning is the thickness of its annulus. On the same figure I show the calculated 
time rise of pressure of this sample, using the law I have established. 

It is evident by inspection that the M.D.T. time rise does not directly follow the 
cord law of reduction in diameter. The rise of pressure at the beginning is much 
more rapid than when calculated as for cords. This difference presented a problem 

2 K 2 
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full of great difficulties and which I sought to solve for a long time at the expense ot 
most laborious arithmetical calculations before I arrived at the solution which I now 
put forward. 

Certain phenomena in connection with the burning of M.D.T. have always been 
apparent and indicated the lines on which I must work. If a stick of M.D.T. be 

Tons/inf Tons/in^ 




.004 '005 

Time - Seconds. 



Kg, 6. Time rise of pressure-— Tube M.D. at 80"" E. 



ignited in the open air the burning does not proceed regularly, but is accompanied by 
a succession of reports, the tube at the same time being projected about. The action, 
in fact, is very similar to that of the " cracker " firework. 

Now these explosions and jumps are due to the formation of gas inside the tube at 
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a quicker rate than it can get away at atmospheric pressure. The pressure inside 
the tube therefore rises to some point at which it bursts out explosively, the tube at 
the same time being projected in an opposite direction. This action goes on to such 
an extent that holes are often blown through the walls of the tube. 

On firing M.D.T. in a gun, when any unconsumed is blown out I have often found 
tubes with these holes or splits in their walls. The distance between these holes is 
generally exceedingly regular. It is therefore clear that under certain conditions an 
excess pressure exists inside the tube, even when burning under pressure, ^.e., 
explosively. 

Now, from the nature of my law of reduction, it follows that if an excess pressure 
exists inside the tube more cordite will be burnt in a given time. There is thus 
a reaction of cause and effect, and the internal excess pressure of itself tends to raise 
the inside pressure more rapidly. When the gas so formed escapes into the vessel it 
in turn raises the pressure existing in the vessel, and an increased rate of combustion 
is the consequence. 

The time rise on fig. 6 very clearly shows this acceleration of the rate of burning. 
Since I saw no reason why there should be a departure from my fundamental law, 
my efforts were directed to determining what the excess internal pressure was and on 
what it depended. The principle adopted was as follows : — 

The time rise gives the average and end pressure of any interval. The outsides of 
the tubes are burning under the cord law and produce a certain quantity of 
gas in the interval which can be calculated. The total amount of gas produced 
is known from the end pressure. The difference between these two amounts 
of gas has come from the inside of the tube, and hence the amount of cordite burnt 
from the inside can be calculated. Referring to Table B, we determine what pressure 
the inside of the tube must have been burning under to consume that amount of 
cordite in the time. From this the excess internal pressure is calculated. 
The results of the calculation for Batch 88 are subjoined :— 



Time, 


During the • 0005 second interval. 








isecond. 


Average pressure 


Excess pressure 


Total internal pressure 




in the vessel, 


in the tube, 


in the tube, 




tons/inch^. 


tons/inch 2. 


tons/inch^. 


0-0005 


0-16 


4-39 


4-55 


0-0010 


0' 


•83 


5 


•58 


6-41 


0-0015 


1- 


45 


1 


•95 


3-40 


0-0020 


2' 


"09 


-1' 


• 34 (deficit) 


0-75 


0-0025 


2- 


90 


1 


•81 


4-71 


0-0030 


3" 


87 


1 


•28 


5-15 


0-0035 


5 


04 





•57 


5-61 


• 0040 


6-41 


-0-53 (deficit) 


5-88 
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Now the first results of this calculation are not at all obvious. But by adjusting 
the zero of the curve calculated on the cord law and comparing it with the actual 
record it seemed possible that at some point, to be determined, excess internal 
pressure disappeared and the tubes then burnt in strict accordance with the law in 
Table B. In adjusting the calculated curve so that its general lie was in closest 
agreement with the measured one, I found they crossed at about 5*7 tons. It then 
seemed that if internal excess pressure disappears at any point it must start at some 
maximum. A simple way of considering the decrease of excess internal pressure 
from a maximum to zero is to consider that the internal pressure in the tube is 



Tons/in? 
20 




•004 -006 -ooa -010 -012 -014 -016 -018 -020 

Time- Seconds • 

Fig. 7. Time rise of pressure. 

a constant until the pressure in the vessel reaches that given pressure. From that 
moment internal and external pressures will be equal. 

Referring to the tabulated results of total internal pressure, it will be seen that the 
average of the pressures given is 4*56 tons. This was the first pressure tried, but a 
better result was given assuming 4*85 tons. 

The calculation, then, was made on the assumption that the internal pressure was 
4*85 tons up to the moment at which the pressure in the vessel reached that figure. 
The external and internal diameters of the tubes at that moment are given by the 
calculation which then proceeds on the assumption that the internal and external 
pressures are equal. 
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The points obtained by this calculation are shown on fig. 6. Their general 
agreement with the measured curve is not so close as one would wish ; but for a 
first attempt they appeared to support the idea that there are two phases in the 
combustion of a tubular propellant : (1) when excess pressure exists inside the tube, 
and (2) when this excess pressure disappears. Another batch, No. 97, was then tried. 
Its time rise is shown on fig. 7. The calculation gave : — 



Time, 
second. 


During the interval. 


Average pressure 

in the vessel, 

tons/inch^. 


Excess pressure 
in the tube, 
tons/inch^. 


Total internal pressure 

in the tube, 

tons/inch^. 


• 0005 

0-001 

0-002 

0-0025 

0-003 


0-05 
0-15 
0-28 
0-38 
0-43 


3-6 
3-15 
1-3 
0-56 
-0-26 (deficit) 


3-65 

3-3 

1-58 

0-94 

0-17 


Average internal P = 


1-93 tons. 



We now have two cases of calculated internal pressure, and the next point for 
consideration was : on what does this internal pressure depend ? Looking at it from a 
theoretical point of view, it would seem to depend on the area of the hole and the 
length of the tube. The larger the hole the more readily can the gas get away. The 
longer the tube, for a given hole, the more difficult will be the escape of the gas. 

In my closed- vessel experiments the cordite is cut to the internal length of the 
vessel to avoid the wave pressures which occur if the cordite is banked up at one end. 
The length variable does not therefore come in. 

The internal radius and pressure of the two samples were : — 



Batch. 


Eadius of hole. 


Internal pressure. 


88 
97 


0-04575 
• 09003 • 


4-85 
1-93 



Now, if internal pressure varies inversely as the area of the hole, the pressure of 

\ ; and, from this, P would 



Batch 97 from Batch 88 would be given by 



4-85 \0-09003 

be 1*25 tons against 1*93 tons found by the calculation. Having regard to the great 
variations which may be caused in my calculations by small experimental errors, this 
result was not as discouraging as it appears on the face of it. 
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On fig. 4 (lower curve) is shown the time rise and particulars of another batch of 
M.D.T., No. 89. This batch was one of the exceptional batches I have previously 
referred to, and did not show the same pressure density relation as the average run 
of M.D. cordite. The pressure density curve for this batch is shown on fig. 3 (lower 
curve). 

Having obtained the time rise, I tested my theories by calculating a time rise under 
the two-phase condition I have explained. 

The internal pressure, if proportional to the inverse ratio of the area of the holes, is 
1*896 tons, using Batch 88 as the standard. The points of this calculated time rise 
are shown on fig. 4 (lower curve), and, except at the end of the rise, show a very close 
agreement with the actual condition of affairs. 

The end of the rise shows disagreement. But if the actual rise of Batch 89 be 
compared with the others, it. will be seen that the falling away of Batch 89 is a most 
exceptional condition of affairs for M.D.T. Whether the falling away was due to 
experimental errors or to some chance peculiarity of an exceptional sample I was not 
able to determine, as there was no more of the batch left. 

The determination of the length influence on internal pressure requires a closed 
vessel of different dimensions, and I have not dealt with this aspect. 

From the visible behaviour of M.D.T. when burning in air it is obvious that special 
actions are taking place. I venture to think that the calculations and experiments 
I here set forth support the theory that in the combustion of tubular propellants 
there are two distinct phases : the first when excess pressure exists inside the tube, 
and the second when internal excess pressure has ceased. With such a complicated 
problem it is clear that those investigators who have only had tubular forms of 
propellants to deal with would be faced with a most intractable problem in 
endeavouring to discover the true law of combustion by parallel surfaces. It is this 
difficulty which in part accounts for the various formulas which have been advanced. 

Another somewhat important consideration is that, if you assume an equation of 
the form S = aP'' for a tubular propellant, all tubes that have the same annulus 
should give the same ballistics. It seems clear from experimental firings in guns that 
the size of hole for a given annulus has an influence on ballistics. There is no 
explanation of this fact in the simple equation formula, but it is at once explained by 
the system of calculation which I have here set forth. The system also explains the 
splits in the tubes and all the various phenomena connected with the combustion of 
tubular propellants. 

At the same time it is possible to obtain also for tubes a reduction equation of the 
form Kedn. = aP + C. I originally obtained an equation of this form, which is set out 
in Table D. By this table I am able to calculate time rises very approximately with 
various tubes. But it is liable to break down, gives no explanation of the various 
phenomena, and is scientifically unsatisfactory in that there is no reason why the 
fundamental law of reduction should differ for tubes from cords. 
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Whilst admitting that Table D is merely an expedient, it offers the advantage of 
being quicker to work with, and the results are fairly consistent with the tubes as 
supplied. 

5. Livestigation of the Time Rise of Double Tiihular M.D, Cordite. — It will be 
clear from a slight consideration that with the propellant in the cord form a 
decreasing surface is exposed as combustion proceeds. With the tube form an 
approximately constant surface is exposed. If it were not for excess internal 
pressure the surface would actually be constant. For if dr is the skin burnt 
at any time, and R and r the external and internal radii, the original surface 
is proportional to 27r(R + r) ; so when a skin dr is burnt the surface is proportional to 
277 {(R-dr) + (r + c/r)} := 27r(E + r). 

Without going deeply into the science of internal ballistics it will be apparent that 
the longer maximum pressure can be sustained in the gun the greater will be the 
efficiency of that gun for a given length as regards muzzle velocity. Of course, there 
are limiting conditions as regards the capability of the gun to withstand this 
sustained maximum pressure, but such considerations are outside the scope of this 
paper. Speaking generally, however, there may be advantages in sustaining the 
maximum pressure in a gun. Now a double tubular form will present an increasing 
surface as combustion proceeds, and this will tend to sustain the maximum pressure in 
the gun. 

The time rise of pressure of a sample of a double tube is shown on fig. 7 (left- 
hand curve). The dim^^nsions of this double tube are given on the figure, the firm 
lines showing the actual shape which in manufacture had not come out as true arcs of 
circles. A mean circle was therefore determined for the purpose of calculation, and 
the adjusted double tube is shown by the dotted lines. 

With the view of showing the results given by Table D, I have calculated the 
time rise of the double tube, using that table. The calculated points are shown on 
the figure. It will be seen that there is a very close agreement in the curves, except 
at the beginning. The error at the beginning is, of course, due to the excess internal 
pressure effect being greater with the double than with the single tube. 

The American powder is a multitubular one, that is, short cylinders pierced with a 
number of holes. Excess internal pressure would have a very magnified effect on 
such a powder, and this, I think, accounts for the wide difference in value of the 
exponent of P as used by Ingalls. 

Conclusion, 

In the foregoing I have, after giving the reconciliation of my law for the cord form, 
confined myself to the cases where it apparently fails. I have endeavoured to show 
the cause of the failure and at the same time present the solution. I have not given 
examples of time rises of the strip form, for with them there is no disturbing cause so 
long as manufacture is not varied, 

yoL, ccvn.— A. 2 l 
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Undoubtedly it would be a great convenience in working if the integration of these 
curves were possible. Much thought has been given by different investigators in the 
past to this problem and much mathematical ingenuity has been displayed. But in 
these problems one does not obtain expressions which are directly integrable, and 
assumptions and approximations have necessarily to be made. Such approximations 
give exceedingly good results within limits, but when one comes to their application 
to the gun, and its many variables, the limits are so widened that a break-down under 
certain conditions is an ever-present danger. 

I have, therefore, preferred to follow the system adopted by Mr. Bashforth hi his 
calculations of extended trajectories, that is to say, I break up my time-rise curves 
into small arcs, and, assuming a mean pressure for the interval, find from the 
calculated end pressure if my assumption has been correct. If not, I have now a 
guide to the mean pressure to assume, and so on. In this manner each arc can 
generally be calculated in three trials, and with practice many arcs are obtained at 
the first attempt. 

The application of this law to the practical case of the gun is outside the scope of 
this paper, and it is obviously undesirable to publish such investigations in connection 
with English ordnance. 

For reasons which I have alluded to, the application to the gun presented more 
complications than the experiments which I have here outlined. 

Having adopted certain frictional laws for the gun, based on the law of burning 
which I now put forward, I have found that the application holds over a very wide 
range of varying conditions of loading and calibre, when using cords which is the 
form with which we have most experience. There can be no higher test than this of 
tlie fundamental truth of the law. 
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